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TECANTCAL NOTE NO. 1165

TENSILE PROPERTIES OF A SILLIMANITE REFRACTORY
AT ELEVATED TEMPERATURIS

By Alfred E. Kunen, Frederick- J Eartwig
and -Joseypl. R. Bressman.

SUMMAPY

The tensile strength, the stress»to—rujtare characueriSujcs, and
the modulus of elasticity of a siliimanite relractorJ wers Investigated
at various temperatures. The tensile streagth varied from a minimum
of 8000 pounds per square inch at a temperature of 500° F to a maximum
of 19,000 pounds per square inch at 18000 F. The gbrengsh at 1950° F

was approx;mamely 15,000 pounds per square inch. Heat-treating the
© tensile gpecimens for one-half hour ab 1800° F increased the tersjle
strength 35 percent at room temnerature end 7C percent at 500° F., No
increase in strength was noted at or above 1400° F.

At a tempersture of 1600° ¥, the 100-hour rupture strength was
9600 pounds por square inch and the 1000-hour rupture strength wes
8500 pounds per square inch. At 1800° F, the material withstood a
gtregs of 6700 pounds per squere inch ior 19 hours.

The modulus of elagticity, which was. determined only at room tem-
‘perature, wasg 20.3 X 106 pounds per square inch and the material was
elastic to the point of fracturs.

The denslty of the sillimanits refractory was 0.10 pound per cubic
inch or epproximately ons-third that of hignh-temperature mstel alloys.

. INTRODUCTION

The development of .the gas bturbine and the jet-prorulsion engine
has instituted asn intensive ssarch for materials that will withstand
the high stresses existing in rapidly rotating parts at the nizh gas
temperatures necessary for efficient engine opsration. High-
_temperature strength toests on metal alloys indicate that uncooled
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turbine blades for aircraft gas turbines msy operate satisfactorily

at temperatures of approximately 1500° F, With cooling, this tom-
perature is considerably extended but cooling requires an expend:iture
of power, increases the mechanicel complexity of the engine, ‘and may
incur a heat loss. A material that will operate at tomperatures in
excess of 1500° F is therefore desirable. High-temperature relractcry
materials have been suggested for gas-turbine application (refer-

ence 1). Inasmuch as the rotor blades of a turbins are gub jected to
pradominantly tensile stresees, kmowledge of the tensile properties

of tne blade material is edsential for, the design oi a gas turvins.
Although some values of tensile strength of refractory materialy at
room temperature are-given in reference 2, a survey of the literature
revealed that litile had been done to determine their tensile properties
at slevated temperatures. Most of the informetion oh the mechanical
strength of ceramice was concerned with the values of the moduli of
rupture and slasticity determined from transverse bending tests (xcler-
ences 2 to 5). Reference 6, however, presents the resilts of an
investigation of tensile properties at elevated temperatures of"
several 'high stréngth refractory oxide compositions. '

Inasmuch as the information available at the time of this inves-
tigation wag limited, a study of the tensile properties at hlgii tem-
pervatures of & promising refractory material was undertaken at the
NACA Cleveland laboratory as a basis for the.deéign'of a gas turbine
with ceramic blades. ‘Equiprient for testing ceramic materials to '
temperatures of 20007 F was developed and a method was devised for .
evaluating the bending stresses introduced by the test eguirments
This paper presents the results of an investigation of the temsile
strength of a eillimanite refractory at temperatures From 80° o’
1850° F. A few stress-to-rupture tests were conducted at 14007, .
1600°, ‘and 1800° F; the'modulus.of elasticity wes determined &t room
Lenperature . oo . .

SPECIMENS AND APPARATUS

The test spscimen (fig. 1) was 4.25 inches long with a tost
gection approximately 1L.25 inches long and & general shapa_similar o
that suggested 1n reference 7. The specimens were prepared by thé .
Coors Porcelain Company from:a gillimanite ore and prcbably consistod
largely of mullite crystals " (3A1-0z:2810,) ard freo silica’ (51C;) .
in the form of cristobalite (reference 8). The Tired pieccs Wers
ground to finilshed dimensions by the manufacturer. The original
naterial had a smooth grayish-white surfacs; but prolmanged heating at
1400° ¥ or above, as in the stress-to-rupture tests, caused the suriace
to changs to dark tan. Because the tensils strength of a ceramic
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material may be a functlon of the ecross-sectional aree of the specimen
tested (reference 2), a 0.5-inch-diameter test section was chosen so
the area would be about the same as the cross -sectlonal area of a
proposed ceramic turbine blade. -

Preliminary experliments were made with gaskets of asbestos paper
and woven asbestos cloth placed on the snds of the test specimen %o
provide a uniform application of the load betwesn the specimen and the
grips. A double thickness of woven ashestos cloth (0.05-in. total
thickness) was found to be most satisfactory.. A photograph of speci-
mens with and without gaskete 1s shown in figure 2.

Sketches of the grips, which were made of & heat—resistant alloy,
are shown in figure 3. The grips consisted of. three Jaws that formed
a gplit cone mAtching the snds of the specimén. The Jaws were rvetalined
by a threaded two-plece cylindrical collar. In order to reduce dis-~
tortion of the grips during high-temperature testing, they were so
designed that the maximum stress was limited to about one-fourth that
of +the test spscimen. .

The hydraulic testing machine had a capacity of 120,000 pounds
and an error of less than 0.8 percent over the test range of 300 to
4GC00 pounds. A sketch of the apparatus assembled in the heads of the
testing mechine is presented in Figure 4. All critical surfaces of
the tensile-~test apparatus were machined to close tolerances. The
distance between the heads of the testing machnine was made as great
ag poseible to reduce the eccentricity of loading. Optical strain
geges with a l-inch gage length (fig. 5) were used to check the bend-
ing stress and to determine the modulus of elasticity. The gage was
capable of indicating a strain of 0.000002 inch.

A tubular furnace with a 3-inch inside diameter was used for
heating the specimen during testing. The over-all height of the fur-
nace wasg 15 Inches with a resistance wire-wound core 12 inches long.
A preliminary survey of the surface-temperature gradlent made with
three chromsl-alimel thermocouples at the ends and at the center of
the test section indicated a maximum temperature differential of S° F
at 1800° F. The temperatures for all tests were comtrolled by a
thermocouple at the center of the test section in conjunction with
&8 self-balancing potentiometer and control device. The temperature
indicated by this thermocouple was maintained w1th:b3° F of the
desired temperature.

A sketch of the apparatus for the stress-to-rupture tests is
shown in figure 6. The load on the tensile specimen was applied
through the lever arm by welghis placed on the end of the arm. The
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pame ‘tyve of furnece and furnace control was used In the sgtross-to-
rupturs tegts-as in the tonsile-strength.tests. The 'time for ¥ ¢lhrc
was recorded by an .eYectric timer that automatically stovped wnen a’
snecimen Fagiled. ; -

TESTING PROCEDURE

Prellminary examination and alinement check for tensile-strength
tegtg. - The Aiameter .or. each specimen was measured in three porlitions
along the length of the test section and in two planes 90° anart at
each position. The average of these six readings was taken as the
diameter of the specimen. The angles and the concentricity of the
spécimen were measured to debermine whether the gpecimens were waryed
" or bent. 'The specimens were X-rayed in two vplanes 90° apart to locate
internal flaws, cracks, or blowholes and eaci specimen was vigually
exemined foy sunface plte or chips, No correlation was apparent
between ‘tensile gtrength .end flaws found in the preliminary examin«
atlons.

' The tensile-test apparatus (fig. 4) was first calibprated with a
steel snecimén; the bending stress due to misalinement inheront in the
apparstus was less than 1.5 percent of the average tenslle stress up
to 25,000 pounds per sguars, inch. This calibration is discussed in
the anpendix. In all tests of the cereamic. spocimens, a bending stices
loss then 2 percent of the average tensile stress wag considered satis-
factory. The compononts of.the apparatus wore markod and the marks

"alined in the same vortical plene for each test. The apparatis was
aggembled with a sillimeanite specimen in place, a stross of 1000 pounds
per square inch was.applled, and the whole asgembly was tapped axially
to seat and aline gll the parts. Strain gages were affixed approxi-
mately in the-plane of maximum bending of the tenslle-test apparatus
on opposite sides of the specimen test section, a8 ghown in figuwxe 5.
‘Increments of strain were measured up to a stress of 3000 pounds per
sguare inch and the difference in elongation of the two &ides was
determined. From these. strain -values, the bending stress could be'
calculated from equation (2) in the.appendix. When the specimen was
improperly alined, the' stress was reduced ‘to 1000 pounds mer square
inch and the assembly was again tapped axially. If the specimen was
gtill misalined, the avparastus was disassembled and & new gasket was
fitted to the specimen...When the specimen was satisfactorily alined,
the gtress was dropped to 1000 pounds peér square inch and tho strain
gages were removed. A chromel-alumel thermocouple was wired to the
surface of the sgpecimen. and the furnace was 1ifted and centered over
the grips and the specimen. - : -
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Tensile-strength tests. - The stress of 1000 pounds per square
inch was malntained while the temperature was increased approximately
10° F per minute until the test .temperature was reached. After 1 hour
"at the test temperature, the .load on the specimen was .increased approx-
imetely 4000 pounds per minute from the initial load of. 200 pounds (a
gtress of approximately 1000 lb/sg in.) to the breaking loed. The
fracture was visually exasmined to determine the characteristics of the
break. ' . ' ' T

Stress-to-rupture tests. - The'grips and loading rols were .assem-
bled with a ceramic specimesn and placed inside the furnace. The lever
arm was supported in an approximaetely horizontal position by & hydrau-
lic jack and the necessary weights weére apvlied to the end of the lever
axm. After the teat temperature had been redched and maintained for
1 hour, the load was slowly applied to the specimen. The apparatus
was so adjusted that the lever arm was horizontal as indicated by a
level. No attempt was made to determine the bending stress in these
tests. o

RESULTS AND DISCUSSION

Tensile strength. - The specimens were tested in two conditions,
‘"ag received" and “heab-treated." The arbitrery heat treatment con-
slsted in heating the specimens in an electric-resistance furnace to
1800° F at.an average rate of 15° F per minute, maintaining the tem-
perature one-half hour, and then cooling the specimens at the same
average rate as heabed.

The results of the tests of specimens as received are shown in
table I and of heat-treated gpecimens in table II. The fractures were
examined as recommended in reference 6. A rough fracture is defined
as.one in which anproximately 90 to- 100 percent of the surface appears
to be granular; this type of break indicates that the entire area was
subjected to tension and. the entire surface resisted 1t. A vartly
rough fracture is one in which 50 to 90 percent of the surface is rough;
this type of fracturs indicates that pert of the specimen was gubjected
to ghear. A smooth fracture is one in which 0 to 50 percent of the
surface is rough; this type of fracture occurred in only a few
ingbtances. In most tests at a given tempereture, specimens with rough
fracturos had higher values of ‘tensilo strength than those with partly
rough or smooth breaks. A photograph of a rough and a partly rough
break is shown in figure 7. . :
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The variation of the average tensile strength with temperature
of the specimens as received and heat-treated 1s shown in figure 8.
The averages of the results obtained with the specimens asg recelived
indicate thet the tensile strength decreases from 11,000 pounds per
square inch at room temperature to 8000 pounds per square inch at
500° F and then increases to a maximum of 18,000 pounds per square
inch at 1800° F. At 1950° F, the strength decreases to 15,00C pounds
per square inch. Heat~ treating the gpecimens at 1800° F raised the
averaze astrength 35 percent at room temperature and 70 percent at .
500° F, 'When the test temperature was increased, the strength grad-
nally decreased from its room-~temperature value untll it was approx-
imavely the same as that of the as received specimens at 14009 F; 'the
strength of the heat-treated specimens was also approximetely the
same as the as received specimens at 1800° F. The heat ireatment
glven the &vecimens therefore resulted in an improvement in strength
only up to 1400° F. The heat treatment also had a tendency to reduce
the. spread in the specimon tensile values as shown by the smaller,
values gf percentage average doviatlon from the mean. (See tables I.
and IIX. . :

The unusuval variation of tenslile strengbh with temperaturs and
heat treatment may be due to a coubination of several factors. Cexramic
materials undergo phese changes when heated or cooled with accompanying
changes in volume. The chief constituents of the material are probably
mullite and cristobalite. (See reference 8 for eguilibriwm diagram of
the system Al03:Si0z.) When cristobalite is heated, 1t undasrgoes a
vhage inversion from.the o 1o the f form’'in the temperatu“e range
392° to 500° F with a S5-percent increase in volume (reference 9).

Tosts on-a mullite brick (reference 10) revealed a change in the rate
of expansion in the temperature range of 1000° to 1400° F, which may
be indicative of a.phase change in this constltuent. These phase
caanges may affect the average tensile strength of the material in

two ways: The sudden increase in volume of the cristobalite at 500° F
may mean that the cristobalite in the specimens expands morc rapidly
than the mullito particles, thus creating intermal stresses that would-
reduce the test value of tenslile strength; and the crystals of tho
meterial may be strongest when in one particular phase. In addition,
it is known that grinding often introduces high surface stresses in
meotals and, becausoc the .specimens had beoen ground, resldual strosses
mey have remained in the surface of this material as received. Tho
heat treatment might relicve these stresses and, in addition, might .
tend to "heal" minute cracks in the surface and thus add to the
strength of the material.. (See yeference 11.)
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Mcdulus of elasticity. - The stregg-strain curve Getermined at
roon tewperature for a specimen as recelved is plotted in figure 9
and indicates that the material is elastic tup to the point of fracture;
that is, the materlal exhibited no plasticity at rcom temperature. In
this test, the lvad was increesed from 1000 tc 8000 pounds per ‘square
inchh and then reduced to 1000 pounds per sguare inch. train measure-
".mente indiceted no vermanent set in the: specimen. The load was then
raised. in increments ta obtain the stress-strain relatlon and the total
.'elongation at 8000 pounds per squars -inch was the .same.as previously
determined. The curves indicate that a bending stress less than
2.0 percent of the average tensile stress existed, (See appendix for
method of calculation.) ' At room tempsrature the medulus of elasticity
of -the material, consldered’ es.the average of the. slopes of the ‘uo

curves in- figure 9, 18 20.3 X 106 pounds per square 11rh.

Stress-to-rupture strength. - The reeults of the streos-to-ru ture
tests are svmmarized in table III.- The materisl withstood & stress of
6700 pounds per sgnare: inch for apnroximately 12 hours at 1800° F. At
1600° ¥, the stress-to-rupture strength for 100 Hours was"9600 pounds
per square inch and the valus for 1000 hours, obtained by linear
extrapolation on & log-log plot, is anrvroximately 8500 pcunds per
-square inch; The stress-to-rupbture’ test at 1400% F was cénducted by
first applylng a lcad of 6750 pouwnds per sguare inch for approrimately
500 hours. The load was increased in increments until the speciman
failed after 251 hours at 9600 pounds peor sguare inch. The.test at

. 1409° F was conducted in this .mannsr because of insufficdient specinens.

For this reason, no check pointa-at 1600° F and 1800° F were -obtained.

Strength-dsnsity retio. - The centrifugal stress In a rotating
object, such as a turbine blade or rotor, varies directly with Its
density. The more dense the material, the greater its tensile strength
will have to Be to pupport the .logd at a glven speed. .The density of
most high-température metals is approximately 0.30 pound per. cubic inch
whereas that of the &illimanite specimens was 0.1Q pouné per.cubic inch.
For the same strength-density ratio, a metal must have thres timos the
gtrength of the sillimanite refractory or a .bensile sirength of .
55,000 pounds per square inch atb lQOOo F and 43,000 pounds ey square
inch at 1950° F. The equivalent stress-to-rupbure strength at 1600° F

in a high-tomperature metal would bhe epproximately 28,500 pounds per
square inch for 100 hours or 25,500 pounds per sguare. Inch for

10C0 hours., The best blgh~tempefa*hre motals avalleble at presant
will withstand from 15,000 to 27,000 pounds per sguare inch For
1000 hours at 1600°- F. - (Sae: fig. 29 of re;erense 12, p. 54,)
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SUMMARY OF RESULTS

- The tenslle strength, the stress-to-rupture characteristics, and
the modulus of elesticity of a sillimanite refractory were inveatlzated
at various temperatures with the following results:

1. The tensile strength of the sillimanite refractory varled from
8000 pounds per square inch at a temperature of 500° P to 13,000 pounds
per - -square lnch at 1800° F and decreased to 15,000 »ounds per aguare
inch at 1950° T. ‘ : ' :

2. Heat-treating the material For one-half hour ait 1800° F
increased tho tonsile strength 35 percent at room temperature and
70 percent at SC0° F. No increase in strongth was notod at tempera-
tures greater than 1400° ¥, -

-3, The stress-to-rupture strength at 1600° F was 9600 pounds por
square inch for 100 hours.and 8500 pounde ver square inch for
1000 hours. At 1800° F, tho material failed after 19 hours at
6700 pounds per square inch.

4, The density of the material is 0.10 pound per cubic inch or
roughly one-third that of most high-temperature metals.

5. The modulus of elasticity of the materisl at room temnorature
was determined to be 20.3 % 105 pounds per square inch and the matorial
was elastic tc the point of fracturs.

CONCLUSIONS

For the same strength-density ratio as the sillimanite relractory,
a high-tempereture metal must have an ultimate tensile gtrength of
55,500 pounds. per square inch at 1800° F and 43,000 povads per sguare
inch at 1950° F. The esquivalent stress-to-rurturz sbrength at 1600° P
in a high-temperature metal would be 28,800 nounds rsr snave inch for
100 hours or 25,500 pounds psr square inch for 1G3T horvrs. Thaesc
values indicete that sillimanite hes sufficient strenyil to warront
further consideration for application to alrcraft ges-turbino otlading.

Aircraft Englne Research Laboratory,
National Advisory Commlttes for Aeromautics,
Cieveland, Chio, July 10, 1946.
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APPENDIX - DETERMINATION OF BENDING STRESS IN A TENSILE TEST
Equations for Bending and Modulus -7 Elasticity

I a load P is
applied with an eccen-
P tricity A Yo a tensile=-
S A test specimen, as shown
in the accompanying skeuch,
the averege tonsile stress
| ¢ : Sy mey be sunerposed on
! The bending stress 5,
, : ceused by the eccentricity, .
]
|
!
3
!

to glve the distributicn
of flber stresses az shown.
N The strossos in the outer~
most fibers Sy and So

T are proportlonal to tho

byt i tral and in
Sy, Py Sy strains ¢ end ep
llw A tlege outermost fibors or
i .
. Ee =8; + 5y
a
Lt Sy L s
+S~b\L\L},‘/m
j Heg=5 -5

Sy =S¢+ Sy T l | S2=58¢ ~ 5y Whersa E 1is the modulus of
1T S elagticity.

Addition of these two equations will eliminate S, and yield

1~
N~

25
E—_—-—.».-_—--b.-— (

€l+€

[3V]

Subtraction of the two equabtions and substitution for E will give

8, = 8y L = <2) (2)
b t i€l+€25

from which the bending stress may be calculated,
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Bonding Stress in Apparatus

In order to determine the bending strses and misallnement Iinhsrent
in the tensilie-test apparatus, a specimen of tool steel was machined to
the shape of the ceramic spsclimen. The stoel plece was assembled in
the grips without a gasket. The straln gazes were affixed to the
syecimen and values of strain on omposite sides were measuved with
increasing and decreasing loed to a maximum stress of 25,000 ncunds
per square inch. The strein gages wore robteted 9C° and tho prooeduro
was reneated. From these measurements, the maximum bending sturess and
the position of the plane of maximum bending of the test apparstus
vere determined for an.assumed sinusoldal distribution of slress erovnd
the clrecumference of the especimen teat section. This maximum tendling
stress was found to be about 1.5 percent of the average tenslle sirocss.
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TABLE I - TEUSILE TESTS OF SPECIHENS AS RECETVED

TRomper-|Spec- |Mean iLoad Tensils Average Averege .|Deacrin-
cture |imen jdiam- .[(1Db) strength tensile |(deviation|tion ol
(°w) | eter (1b/sq in.) strength from mean |[fracture
(in.) (1b/eq in.)|(perceat)| (a)
30 1 |o0.5039l2445| 12,270 ] TP
2 .5076121€0{ 10,670 | TR
3 | .5054;2725] 15,590 &1 . - PR
4 | .5018[2130( 10,780 1,050 ) pEil.3 PR
5 | .4979{191C| 9,810 | PR
6 | .eez3{1750| 9,190 | J ) PR
500 7 |0.5025|15358| 7,750 1 ) s
3 | .3080{1908| 9,510 PR
o | .s032{1798] 9)0%0 6,220 | »11.1 IR
10 | .40982[1250 6,43 i | S
1t 4852 (162 8,410 i J PR
1000 | 12 [0.5067|2002| 9,930 | | PR
15 | .5025|13G5| 6,530 L < 520 s
14 | .s015|1885] &,530 r 9,66 5
15 | .4e48|1320| 9,460 | | J PR
1400 | 13 10.5026{2265| 11,420 1 R
17, .5009|2720] 13,800 12,000 £10.0 R
18 | .5005(|2125| 10,800 PR
1800 | 19 [0.4996|3775| 19,260 A E——
20 | .5016|3490| 17,560 1g,000 r £4.7 R
21 | .4839|3845| 20,070 | I e I
- ] |
25 | .s017/s015| 15,250 R

Cmhe gimificance of the letiers descriting the fractures aro:
R Rough, i
PR Partly rough, 50~90 mercent rough.
S  Smeooth, 0-50 percent roigh.

90-100 percent rough.

lattonal Advisory Comnitice

f'or Lercnautics
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TABLE IT - TENSTILE TESTS OF HEAT-TREATED SPECIMENS
Temner-|Spec~-jldean [Load; Tenslle ‘ Average |Averege |Descrin-
ature |imen |diam- [(1b){ setrength tensile |deviation|ticn of
(°F) eter (1b/sq in.)| strength |from meen |[fracture
(in.) | (1v/sq in.) | (percent)| (a)
80 | 24 ]0.4935{2680| 14,020 R
25 | .4981 [2870] 14,730 15,830 4.8 R
26 .4991 [2520| 12,880 R
500 | 27 {0.5050 [2800| 13,980 1 R
28 .4996 |2850] 14,540 13,580 +6.7 R
29 | .4950 [2350| 12,210 J R
1000 | 30 |0.5028 |2580| 13,000 ‘I 1 bpR
31 | .4955 [2410| 12,480 CPR
32 .4982 {2170| 11,130 12,272 +3.7 s
%3 .4987 [2400| 12,292 R
34 4973 [2416] 12,440 PR
1400 | 35 |0.4998 [2350| 11,980 | V17 7g0 | b 1.3 R
56 | .4998 2265| 11,540 S f R
1800 | 37 |0.4962 3555| 18,380 18,380 |~~==cmmen R

2The significance of the letters describing the fractures are:
R Rough, 90-100 pesrcent rough.
PR Partly rough, 50-80 percent rough.
S Smooth, 0-50 percent rough.

bpin hole in smooth part of breek.

CBroke in grip section.

National Advisory Commitiee
Tor feronautics
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TABLE IIT ~ STRESS-TO-RUPTURE TLSTS

| Tempor-!Spec-|Mean |Load | Stress Time to
ature |[imen ;diam- [(1b) l{ib/sq in.)|rupture
(°F) eter . (rr)
{in.)
1800 | 38 [0.4563|1896 | 9400 0.42
39 .499111662 | 8500 1.17
40 .4580{1364 | 6700 19.1
100 | 41 |0.493211957| 9600 92.2
42 .437011676 | 8800 722
1400 43 [0.489411778 8759 8522
1573 7702 apa2
1762 | 2850 212
1959 | 9600 251

83vecimen did not fall; but, at thé end of this

time, the stress was increased.
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NACA TN No. 1165 Fig.

At any cross section,
concentricity within
+£0.001 inch.

I
10° 110" v~
I

1.25" -

!
4.25"
IR ——

|
Q. 505!
0. 495
|
!

Figure I. ~ Sketch of ceramic tensile specimen.
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NACA TN No. |165 Fig. 2

Figure 2. - sSillimanite refractory tensiie—test specimens
with and without gaskets.
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Fig. 4 NACA TN No. 1165
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Figure 4. - Sketch of apparatus for tensile tests of ceramic materials.




NACA TN No. 1165
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Figure 5. - Op.tica! strain gages affixed to specimen during
afinement check.
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NACA TN No. {165 Fig. 7
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Figure 7. - Typical fractures of sillimanite tensile-test
specimens.



NACA TN No. 1165 Fig. 8
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Figure 8. — Variation of tensile strength of sillimanite

refractory with temperature.



Fig. 9 NACA TN No. 1165
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Figure 9. ~ Stress-straln curve for as received siilimanite

refractory at room temperature. Modulus of elasticity,
20.3 x 107, ’



